Cytoplasmic dynein is a major minus end-directed microtubule motor protein in eukaryotes, which has been implicated in the transport of multiple membrane classes during interphase and in chromosome movement, spindle formation, and spindle orientation during mitosis (reviewed in Refs. 1 and 2). In previous work, we used in vitro and in vivo binding assays to identify cytoplasmic dynein intermediate chain (IC) 1 binding partners and observed a specific and high affinity interaction with the p150
Glued subunit of dynactin, a multi-subunit complex found associated with membranes (3) (see also Ref. 4) . This interaction implicates dynactin as a receptor or adaptor that mediates the association of cytoplasmic dynein with cargo. Subsequent studies have demonstrated the essential nature of the dynein-dynactin interaction for most examples of dyneinmediated transport (5) .
Related to the binding of cytoplasmic dynein to membranes is the question of how this binding is regulated. Several dynein subunits have been identified as phosphorylation substrates, and phosphorylation of the ICs (6, 7), LICs (8 -10) , and LCs (11) has been implicated in regulating the interaction with cargoes. Insights into cytoplasmic dynein regulation have the potential to clarify the interactions necessary for cargo binding.
In this study we explored the role of IC phosphorylation in regulating the IC-p150
Glued interaction. We mapped the site of IC phosphorylation, generated site-directed mutants, and tested the impact of these mutations on the IC-p150
Glued interaction. Furthermore, we tested the ability of these IC mutants to compete with intact cytoplasmic dynein for membrane binding and subsequently disrupt dynein-mediated transport. The results support the theory that the IC-p150
Glued interaction is pivotal for cytoplasmic dynein targeting to cargo and are the first to demonstrate that IC phosphorylation regulates this interaction.
EXPERIMENTAL PROCEDURES
Cytoplasmic Dynein Purification-Rat liver homogenates were prepared as described (12) and dialyzed in TBS (50 mM Tris-HCl, pH 8.0, 150 mM NaCl). 20 S dynein fractions were prepared by layering 1.5 ml of cytosol on 11 ml of 5-20% sucrose gradients and centrifuging at 31,500 rpm for 16 h. Cytoplasmic dynein-positive fractions sedimenting at ϳ20 S were pooled, dialyzed in TBS, concentrated 10-fold with Aquacide III (Calbiochem, San Diego, CA), and loaded on two-dimensional gels. Alternatively, ICs were immunoprecipitated from liver cytosol using a 1:100 dilution of anti-IC monoclonal antibody 74.1 (13) and protein A beads (Amersham Pharmacia Biotech) in TBS plus 1% Nonidet P-40. For two-dimensional gel analysis of immunoprecipitated ICs, fulllength IC was competed off the beads by incubation with 4 bed volumes of 1 mg/ml recombinant truncated IC1A (amino acids 1-123 (3)).
Two-dimensional Gel, Slot Blot, and Western Blot Analysis-Twodimensional gel analysis was performed using a Mini-Protean II 2-D Cell (Bio-Rad), according to the manufacturer, with 4 -6 ampholytes. For phosphatase treatment, 20 l of immunoprecipitated native dynein (ϳ200 ng of IC) was treated for 1 h at 30°C with 800 units of phosphatase or mock-treated in the supplied buffer as a control (New England Biolabs, Beverly, MA). For the two-dimensional analysis of expressed constructs, cells were harvested 48 h after transfection, and 10% of the cell pellet from each plate was loaded onto a tube gel. After the second dimension, gels were blotted onto Immobilon-P (Millipore, Bedford, MA) as described previously (3) . Where indicated, 1% of an Escherichia coli expression lysate was separated by SDS-PAGE and blotted, or purified recombinant proteins were applied directly onto Immobilon-P in a slot blot (Bio-Rad). Western blots were probed with a 1:2000 dilution of a polyclonal ␣-IC-2 antibody (3). Western blots of two-dimensional gels of 20 S dynein and immunoprecipitated cytoplasmic dynein were indistinguishable.
Expression Constructs-Truncated p150 Glued was created by incorporating an NdeI site at the initiator methionine by PCR and cloning the NdeI/BamHI fragment of p150
Glued (amino acids 1-811) into pET21d (Novagen, Madison, WI). The construct was cut with SalI, filled in with Klenow fragment, and religated to maintain the C-terminal 6X histidine tag in frame. pET IC-2C 1-125 was created by incorporating an NdeI site by PCR at the initiator methionine, and the NdeI/XhoI fragment of IC-2C (amino acids 1-125) was then cloned into pET14b (Novagen). The serine 81, 83, and 84 mutations were made from this backbone using PCR-directed point mutagenesis. For the mammalian expression constructs, full-length IC-2C was tagged with GFP at the C terminus by creating an NcoI site at the N terminus of GFP and replacing the Myc tag of pCIneoIC-2C3ЈMyc (14) with GFP. The serine mutations were placed in this backbone. PCIneo-GFP alone was created by putting GFP into the EcoRI/XbaI sites of pCIneo. RFP-NAGT was created by PCR amplification of amino acids 1-106 of the NAGT-Myc tag from plasmid pUHD-NG2 (15), introducing EcoRI and BamHI sites at the 5Ј and 3Ј ends, respectively, and cloning this fragment 5Ј to RFP in the plasmid dsRed1-N1 (CLONTECH, Palo Alto, CA).
Bacterial Protein Expression-Recombinant proteins were expressed in BL21(DE3) cells and purified by nickel affinity chromatography using His-Bind resin (Novagen) as described previously (3) .
Blot Overlay-Blot overlay assays were carried out as previously described (3) on blotted gels or slot blots using a 1:200 dilution of 1.0 mg/ml recombinant p150
Glued 1-811 as the overlay protein and a 1:500 dilution of monoclonal ␣-p150
Glued antibody (Transduction Laboratories, Lexington, KY).
Mass Spectrometry-Approximately 10 g of immunoprecipitated rat liver cytoplasmic dynein was separated by SDS-PAGE, and the IC-2C band was extracted. The gel slice was tryptically digested "in gel" (16) . Extracted peptides were analyzed by both matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Kratos Kompact SEQ) and electrospray ion trap mass spectrometry (Finnigan Mat LCQ Deca). Analysis by MALDI-MS indicated that a peptide at 2785 Da was phosphorylated because of a companion mass shift of 80 Da. A further analysis of this phosphorylated peptide after ion gating in reflectron mode showed the characteristic loss of 98 Da (H 3 PO 4 ) (17) . To gather additional fragmentation data on the phosphorylated peptide, the digest was analyzed by LC electrospray ion trap mass spectrometry. The digest was run out on an LC Packings Ultimate HPLC with a 100-micron ϫ 15-cm C18 PM column in 0.1% formic acid. Peptides were eluted using a linear gradient of 0 to 60% solvent B (0.1% formic acid in AcN/water, 70/30) over 40 min at a flow of 500 nl/min. Peptides eluted directly into the Finnigan LCQ Deca ion-trap mass spectrometer equipped with data-dependent acquisition such that a high resolution scan was first performed (to determine monoisotopic mass and charge state) followed by a higher energy MS/MS scan, which typically produces Y-and B-type fragments (18) from the precursor mass. Because electrospray produces doubly charged ions of tryptic peptides, we sought peptides with masses consistent with the 2785 peptide in both unphosphorylated and phosphorylated states (MH 2 2ϩ of 1392 and 1432, respectively). These peptides were found along with their corresponding MS/MS scans, which showed two strong fragment ions consistent with fragmentation between the V76 -P77 bond producing y9 and b18 fragments.
In Vitro Kinase Assays-1 g of recombinant IC-2C (1-125) or IC-2C (1-125) S84D was incubated with either 500 units of casein kinase II (New England Biolabs) or 10 l of a whole cell extract from COS-7 cells (19) in a 20-l kinase reaction containing 20 mM Tris-HCl, pH 7.5, 50 mM KCl, 10 mM MgCl 2 , 200 mM ATP and 5 Ci of [ 32 P]ATP for 1 h at 30°C. The reaction was stopped by adding SDS-PAGE loading buffer. The samples were separated by SDS-PAGE, stained, and subjected to autoradiography.
cDNA Cloning of COS-7 Cell ICs-Reverse transcriptase-PCR was performed on total COS-7 cell RNA using primers designed to amplify sequences encoding the N-terminal regions of both IC-1 and IC-2. PCR products were analyzed by agarose gel electrophoresis and DNA sequencing after subcloning into the pT7Blue vector (Novagen). Sequence comparisons were performed using Genetics Computer Group Software (Madison, WI).
Cell Transfection-COS-7 cells were transfected using 1 g of total plasmid DNA and 3 l of LipofectAMINE (Life Technologies, Inc.) as described (20) . In co-transfection experiments, 0.8 g of RFP-NAGT and 0.2 g of GFP-IC constructs were used. For live cell imaging, cells were passed onto coverslips 8 h after transfection and grown for an additional 6 -8 h. Where indicated, 0.1 mg/ml rhodamine-dextran (Molecular Probes) was added to the culture media of transfected coverslips for 8 h prior to live cell imaging. IC-transfected cells were scored for no dispersal, partial dispersal, or complete dispersal in comparison with surrounding untransfected cells.
Live Cell Imaging of Minus End-directed Organelles-Cells grown on 18-mm glass coverslips were immersed in phenol red-deficient media and imaged on a Zeiss Axiovert 100 equipped with a KX85 cooledcharge coupled device camera (Apogee) using PMIS software (GKR Consulting). Imaging chambers were prepared on glass slides with a border of silicone grease sealed with nail polish. Samples were maintained at 37°C using a heater directing flow across the microscope stage.
RESULTS
Genetic, biochemical, and cell biological analyses have each implicated the dynactin complex as an important, perhaps essential, component of cytoplasmic dynein-mediated transport of cargo (5) . These two complexes are thought to be linked through a direct and reversible interaction between the cytoplasmic dynein ICs and the p150
Glued subunit of dynactin. Because phosphorylation of the ICs has been implicated in regulating dynein function (7, 21, 22) , we explored the potential role of IC phosphorylation in regulating the IC-p150
Glued interaction.
Phosphorylation of Cytoplasmic Dynein ICs Regulates p150
Glued Binding-In previous work, cDNA cloning of brain cytoplasmic dynein revealed expression of five IC isoforms derived from alternative splicing of two genes (3, 13) . The similar gel mobilities of these polypeptides coupled with phosphorylation of each isoform has complicated two-dimensional gel analysis of ICs (21) . To simplify our analysis of IC phosphorylation, we purified cytoplasmic dynein from rat liver in which a single IC isoform is expressed (23) . Cytoplasmic dynein was purified from liver cytosol by sucrose sedimentation (20 S dynein) or by immunoprecipitation with a monoclonal ␣-IC antibody and competitive elution with a truncated polypeptide containing the epitope of the antibody (24) . Analysis of either cytoplasmic dynein preparation by two-dimensional gel analysis and Western blotting revealed a pair of IC spots shifted slightly in isoelectric point and molecular weight, suggesting phosphorylation of a single polypeptide (Fig. 1A) . When the liver dynein sample was treated with -phosphatase prior to electrophoresis, only a single IC spot was observed aligning with the basic IC spot (Fig. 1B) , whereas two spots remained in a mocktreated sample (not shown). This polypeptide was subsequently identified as IC-2C by mass spectrometry (see below).
IC phosphorylation has been identified in several organisms and tissues. However, the effect of this phosphorylation is not understood. To test the effect of IC phosphorylation on dynactin binding, we used blot overlay assays that demonstrate that p150
Glued interacts with the dynein ICs (3). For these assays, we prepared a p150
Glued expression construct encoding amino acids 1-811, a region containing the IC-binding domain (3) and epitopes for p150
Glued antibodies. We probed two-dimensional gels of purified cytoplasmic dynein by blot overlay with recombinant p150
Glued and observed a striking difference in binding between the IC variants; p150
Glued bound the dephosphorylated IC spot but displayed no affinity for the phosphorylated IC (Fig. 1C) . This difference was apparent over a wide range of p150
Glued concentrations and exposure times. These findings indicate that IC phosphorylation has a dramatic effect on p150
Glued binding ability and represents a strong candidate as a regulatory mechanism for dynein targeting.
Identification of IC Phosphorylation Sites by Mass Spectrometry-To identify phosphorylated residues in the IC polypeptide, we isolated cytoplasmic dynein as described above and mapped sites of IC phosphorylation by mass spectrometry. Total tryptic digests were analyzed by MALDI-TOF mass spectrometry, and resulting masses were compared with the predicted tryptic digestion pattern of IC-1 and IC-2 rat gene products. In addition, the results were scanned to identify masses corresponding to the tryptic peptides shifted by multiples of 80 Da (the change in mass associated with an added phosphate group). A comparison of fragments covering 40% of the protein confirmed the identity of the rat liver IC as IC-2C. A single tryptic peptide was identified with evidence of phosphorylation ( Fig. 2A ). This fragment, corresponding to amino acids 59 -85 of IC-2C, was present in both native (2785 Da) form and a form corresponding to a single phosphorylation event (2865 Da). No other evidence of phosphorylation was revealed through this analysis.
To map the site of phosphorylation in this peptide, the digestion products were separated in an Ion Trap MS instrument, and both native and phosphorylated forms of the amino acids 59 -85 peptide were analyzed by post-source decay analysis. This technique fragments proteins at peptide bonds, and data collected from random fragmentation can be used to identify phosphorylated residues. PSD analysis of tryptic IC peptides revealed that both native and phosphorylated IC peptides exhibited dominant fragmentation of the peptide bond between Val-76 and Pro-77 ( Fig. 2A) . A comparison of the fragmentation record for the native and phosphorylated forms of the peptide demonstrated that the shift in 80 Da was associated with the C-terminal 9 amino acids of the peptide ( Fig. 2A) , a region containing three serines (Ser-81, Ser-83, and Ser-84). Because PSD fragmentation did not occur randomly along the polypeptide backbone in this tryptic fragment, further mapping of the phosphorylated residue was not obtained by this approach.
The behavior of the native and phosphorylated IC fragments in the ion trap displayed one unusual feature. Highly charged peptides, such as phosphorylated peptides, typically elute before uncharged peptides in this protocol. However, in this case, the dephosphorylated IC fragment eluted 1.43 min before the phosphorylated form, suggesting a lower net charge on the phosphorylated peptide. The lower net charge on the phosphorylated fragment can be explained if the phosphorylated residue is in close proximity to a positively charged residue. The C-terminal lysine (Lys-85) is next to Ser-84, and the ⑀-amino group of Lys-85 has the potential to form a "salt-bridge" with a phosphorylated Ser-84, reducing the net charge of the phosphorylated peptide (Fig. 2A) . Because of the close molecular proximity required for this effect, the retention time data support the identification of Ser-84 as the IC-2C phosphorylation site.
This serine resides within a highly conserved serine cluster in the ICs that is straddled by two regions of alternative splicing (Fig. 2B) . Similar to liver dynein, reverse transcriptase-PCR analysis of COS-7 cell RNA revealed expression of a single IC isoform corresponding to IC-2C (Fig. 2B) . Two-dimensional gel analysis of COS-7 cell cytoplasmic dynein revealed two IC spots in this sample, suggesting a phosphorylated and dephosphorylated IC form of IC-2C (Fig. 1D) .
In Vitro Analysis of Wild-type and Mutant IC Binding Activity-To corroborate the mass spectrometry data, we generated recombinant site-directed mutants at all three serine residues (Ser-81, Ser-83, and Ser-84) designed to mimic either the dephosphorylated version of the peptide (serine to alanine, S 3 A) or the phosphorylated version (serine to aspartic acid, S 3 D). The p150
Glued binding abilities of these polypeptides were compared by blot overlay, where the S 3 A mutants all exhibited similar affinity to wild-type ICs (Fig. 3A) . The S81D and S83D mutants also bound p150
Glued with normal affinity. However, the S84D mutant displayed reduced binding ability (Fig. 3A) . To quantify the reduction in binding, we prepared slot blots of serial dilutions and probed for p150
Glued binding ability (Fig. 3B ). S84D mutants bound p150
Glued with a 4-fold lower affinity than wild-type IC-2C. Because the S84D mutant mimicked the effect of phosphorylation in these assays and mutations to other residues in this region had no measurable effects, these data indicate that IC phosphorylation at Ser-84 regulates the affinity of ICs for p150
Glued . They also support Ser-84 as the site of IC phosphorylation.
In Vivo Analysis of Wild-type and Mutant IC Phosphorylation-As another approach to confirm Ser-84 as the site of IC phosphorylation, we tested the ability of cellular kinases to phosphorylate wild-type and IC phosphorylation site mutants. GFP-tagged versions of IC-2C were expressed in COS-7 cells and analyzed for IC complexity by two-dimensional gel analysis and Western blotting (Fig. 4A) . The 27-kDa GFP tag ensured that the transfected proteins were well separated from endogenous IC in these cells. Expression of wild-type, S81A (not shown), and S83A mutants each resulted in the generation of two variants consistent with the pattern of endogenous ICs. In contrast, expression of the S84A mutant resulted in only one IC form. These results indicate that when expressed in cells, wildtype, S81A, and S83A mutants are phosphorylated by endogenous kinases, but the S84A mutant is not recognized as a substrate in vivo.
In Vitro Analysis of Wild-type and Mutant IC Phosphorylation-To provide direct evidence of phosphorylation, we used total COS-7 cell kinase extracts and tested the phosphorylation potential of wild-type and mutant ICs in vitro. Wild-type IC-2C was phosphorylated by these extracts in vitro; however, we observed no phosphorylation of the S84D mutant (Fig. 4B) . These results indicate that the site of IC phosphorylation mapped in liver dynein corresponds to the same site recognized in cultured cells. Although the identity of the IC kinase was not revealed in this analysis, previous work identified the neuronspecific IC isoform (IC-1A) as a substrate for casein kinase II
FIG. 1. IC phosphorylation regulates p150
Glued binding. A, 20 S cytoplasmic dynein was subjected to two-dimensional gel electrophoresis and Western blotting using ␣-IC-2 antibodies. B, immunoprecipitated cytoplasmic dynein was -phosphatase-treated prior to two-dimensional gel analysis as in A. C, blot overlay of same two-dimensional blot used in A probed with p150 Glued in sample, which is detected as part of overlay assay.
(CKII) in vitro (25) . Ser-84 does not fit the consensus for CKII (X(S/T)XX(D/E)); however, we tested the ability of CKII to phosphorylate the ICs within this region by preparing wildtype and S84D mutant ICs and subjecting each to in vitro phosphorylation reactions with purified CKII. Both of these polypeptides were phosphorylated equally by CKII (Fig. 4B) , indicating phosphorylation at sites other than Ser-84 in this in vitro assay.
Perturbation of Cytoplasmic Dynein-mediated Transport by IC Expression-Multiple lines of evidence suggest that the interaction of cytoplasmic dynein with dynactin is important for dynein-mediated transport. The localization of the ICs to the base of the dynein motor (26) , the interaction of the ICs with p150
Glued (3, 4) , and the disruption of dynein-mediated transport by reagents that uncouple the IC-p150
Glued interaction (24, 27) each suggests that the IC-p150
Glued interaction mediates dynein targeting. This model is supported by the inhibition of dynein-mediated transport by p50(dynamitin) expression (20, 28, 29) , which dissociates the dynactin complex and separates the dynein binding subunit (p150 Glued ) from membrane binding subunits (30, 31) . If the ICs are targeting subunits, overexpression of ICs should saturate dynein-binding sites on the organelle surface, diminish binding of native dynein, and disrupt dynein-dependent organelle transport.
Previous work has identified the Golgi apparatus as a dyneindependent organelle (20, 28, 29, 32) . To test the impact of IC phosphorylation mutants on dynein-mediated transport, we co-expressed GFP-tagged ICs with RFP-tagged NAGT (15) and determined Golgi distribution in live cells. The use of RFP and GFP allowed analysis of transfectants as living cells, and eliminated artifacts of fixation and extraction. We focused our studies on cells within 16 h of transfection, before the expressed proteins reached high levels of accumulation. In cells expressing wild-type ICs (Fig. 5B) , we observed phenotypes ranging from no Golgi dispersal (Fig. 6, A and B) to partial Golgi dispersal (Fig. 6, C and D) to complete dispersal (Fig. 6, E and  F) . In contrast, 83% of cells transfected with GFP alone and NAGT showed no dispersal of the Golgi (Fig. 5A) . Cells displaying no Golgi dispersal had a tight clustering of NAGT in the perinuclear region (Fig. 6A) , whereas cells displaying complete Golgi dispersal revealed a shift of NAGT-positive membranes from the perinuclear region to the cell periphery (Fig. 6E ). Cells were scored as partially dispersed if a substantial number of peripheral membranes were observed, but a Golgi accumulation was apparent (Fig. 6C) . Time-lapse imaging of transfected cells also revealed that RFP-NAGT membranes exhibited centripetal radial movements in cells with no Golgi dispersal (see Vaughan1 video in Supplemental Data at http://www.jbc.org). In contrast, NAGT-positive membranes in cells displaying complete dispersal displayed Brownian movements in the periphery but no radial movement toward the presumptive Golgi region (see Vaughan2 video in Supplemental Data at http:// www.jbc.org). These findings indicated inhibition of dyneinmediated transport. However, the range of phenotypes suggested incomplete penetrance of inhibition by IC expression. One possibility was that partial phosphorylation of the expressed ICs (Fig. 4A ) diminished IC-binding activity. To test this possibility, we prepared S84A and S84D sitedirected mutants for co-expression with dsRFP-NAGT in COS-7 cells. Cells expressing the S84D mutant displayed substantially less Golgi dispersal than cells expressing wild-type ICs (Fig. 5C ). The majority of S84D transfectants displayed a tightly focused Golgi in the perinuclear region with no evidence of NAGT-positive membranes in the cell periphery (Fig. 6G) . In contrast, the majority of cells transfected with the S84A mutant displayed complete Golgi dispersal (Figs. 5D and 6H) . The dispersed RFP-NAGT membranes extended out to the plasma membrane where clusters of membranes were observed (Fig.  6H) . A sizable number of S84A but not S84D transfected cells were also arrested in mitosis (data not shown).
Because late endosomes and lysosomes are also recognized as examples of dynein-dependent membranes (28, 33, 34) , we examined the effects of IC expression on the distribution of rhodamine-dextran-labeled membranes in living cells within 16 h of transfection (Fig. 5B) . Expression of wild-type IC-2C led to a range of phenotypes from no dispersal (Fig. 7, A and B) to partial dispersal (Fig. 7, C and D) to complete dispersal (Fig. 7,  E and F) . As a control, the majority of cells transfected with GFP alone showed no dispersal of rhodamine-dextran-positive membranes (Fig. 5A ). Cells were scored for late endosomelysosome dispersal as described above for Golgi dispersal.
Because most wild-type IC-expressing cells displayed a partial phenotype, we also examined the effects of S84A and S84D mutant expression on late endosome-lysosome distribution. Expression of the S84D mutant resulted in substantially less disruption than the wild-type ICs (Fig. 5C ). Most S84D-expressing cells displayed no dispersion, and dextran-containing membranes exhibited typical radial bidirectional saltatory movements (see Vaughan3 video in Supplemental Data at http://www.jbc.org). In contrast, expression of the S84A mutant led to extensive dispersal of rhodamine-dextran-positive membranes (Fig. 5D) . In many cases (27.3%), dextran-positive membranes were highly elongated and tubulated in the cell periphery (Fig. 7, G and H Glued binding abilities of purified wild-type and S84D polypeptides were compared using slot blots of a serial dilution series. Left panel, the same blot probed with an IC-2 antibody to confirm equal loading.
FIG. 4. Analysis of IC mutant phosphorylation.
A, wild-type (w.t.), S83A, and S84A mutants were expressed in COS-7 cells and subjected to two-dimensional gel electrophoresis. Western blot analysis with a IC-2 antibodies revealed two spots for wild-type and S83A forms but a single spot for the S84A mutant (see arrows). B, recombinant wild-type and the S84D mutant ICs were purified from E. coli and subjected to in vitro phosphorylation reactions using total COS-7 cell kinase extracts. Gels were stained (CBB Stain) and analyzed by autoradiography ( 32 P-COS). Kinase reactions with purified CKII were performed in parallel ( 32 P-CKII). The arrows indicate position of ICs. Phosphate incorporation in reactions with lysates was low (0.027 mol/ mol at 3 h) and did not peak within 3 h. Reactions with CKII peaked at 15 min (0.75 mol/mol).
DISCUSSION
To examine cytoplasmic dynein phosphorylation as a potential mechanism of regulating cargo binding, we determined dynein IC isoform complexity in rat liver and COS-7 cells and measured the p150
Glued binding ability of phosphorylated and dephosphorylated ICs. Because IC phosphorylation ablated p150
Glued binding, we subjected purified ICs to mass spectrometry and mapped the site of phosphorylation to Ser-84. Sitedirected mutants designed to mimic the dephosphorylated ICs (S84A) bound p150
Glued in vitro and disrupted dynein-mediated transport when expressed in cells. Mutants designed to mimic the phosphorylated ICs (S84D) displayed reduced affinity for p150 Glued in vitro and failed to perturb dynein-mediated transport when expressed in cells. These results implicate dynein IC phosphorylation as an important regulatory mechanism for cytoplasmic dynein function.
Cytoplasmic Dynein IC Isoform Complexity-In previous analysis of neuronal cytoplasmic dynein, we cloned five IC isoforms derived from two genes (3). Phosphorylation of each of these polypeptides complicated two-dimensional gel analysis of A, C,E, G, and H) as a marker for the Golgi apparatus. RFP-NAGT exhibited perinuclear Golgi apparatus labeling, which was similar to that observed previously with GFP-NAGT (15) . Wild-type IC-2C elicited a range of Golgi disruption from no disruption (A and B) to partial disruption (C and D) to complete disruption (E and F). Expression of GFP-IC S84D mutant had no effect on RFP-NAGT distribution (G). In contrast, expression of the GFP-IC S84A mutant (H) dispersed the RFP-NAGT membranes into the cell periphery. The magnification bar indicates 10 mm for all images.
each isoform (21) . We have identified both rat liver and COS-7 cells as samples with simplified cytoplasmic dynein IC complexity. This finding facilitated our comparison of the p150 Glued binding abilities of phosphorylated and dephosphorylated ICs. However, the expression of only one IC isoform in these samples challenges previous models suggesting that cytoplasmic dynein generates functional diversity through incorporation of alternative IC isoforms (3). In these samples, cytoplasmic dynein is predicted to use the IC-2C isoform for every aspect of function. Our work suggests that IC phosphorylation represents one way to regulate cytoplasmic dynein function. It will become important to characterize the diversity and regulation of other cytoplasmic dynein subunits such as the LICs and LCs.
Mapping of IC Phosphorylation Sites by Mass Spectrometry-With the advent of novel instrumentation for mass spectrometry, we have identified phosphorylated IC fragments and residues from total tryptic digests. This approach represents a significant advance in analysis of phosphorylation, because complex mixtures can be screened rapidly. This same method was used recently to map a metaphase-specific phosphorylation site in Xenopus cytoplasmic dynein LICs (35) . Although the ICs did not exhibit uniform fragmentation throughout the peptide sequence that would have allowed unambiguous mapping of individual residues, new triple quadrupole instrumentation has the potential to circumvent this problem through the application of more PSD energy (36) .
The site of phosphorylation, highly conserved among mammalian ICs, is nested within a serine cluster between regions of alternative splicing. A serine cluster is also conserved at a similar position in Drosophila and Dictyostelium ICs, suggesting that all ICs could be phosphorylated at this position. These similarities support IC phosphorylation in this region as a universal regulatory mechanism. Because the flanking sites of alternative splicing generate differing sequences among IC isoforms (Fig. 2B) , one intriguing possibility is that the function of splicing is to present alternative consensus sequences for cellular kinases.
IC Phosphorylation Regulates p150
Glued Binding-Using the blot overlay technique, we observed a dramatic difference in p150
Glued binding between phosphorylated and dephosphorylated ICs. Whereas p150
Glued bound dephosphorylated ICs with high affinity, we detected no binding to phosphorylated ICs in these assays. S84D mutants mimicked this effect, although the difference in affinity was lower, presumably because of the difference in charge distribution between a phosphoserine and the aspartate side chain. Interestingly, Ser 3 Asp mutants at other candidate positions had no effect on p150
Glued binding. As predicted, Ser 3 Ala mutants at Ser-81, Ser-83, and Ser-84 all displayed the same affinity for p150
Glued . Although the structural implications of IC phosphorylation are not known, we predict that phosphorylation does not alter the overall assembly of the dynein complex. The IC phosphorylation site (Fig. 2) lies C-terminal to the coiled-coil domain, which has been implicated in IC dimerization (3, 13) , and N-terminal to the WD40 repeats, which are thought to mediate heavy-chain binding (37) . Furthermore, both 20 S and immunoprecipitated cytoplasmic dynein contain a mixture of phosphorylated and dephosphorylated ICs (Fig. 1 and Ref. 6) suggesting no effect on incorporation. IC phosphorylation could alter LC composition. However, Ser-84 lies N-terminal to the binding domains for the Tctex-1 and LC8 LCs (38, 39) ; the binding site for the LC7/roadblock LC (40) is not yet known. Because IC phosphorylation regulates the interaction between the ICs and p150
Glued using individual polypeptides, these findings suggest that IC phosphorylation modulates p150
Glued binding through steric inhibition.
Kinase Specificity for Ser-84 -In vitro (Fig. 4B ) and in vivo (Fig. 4A ) assays demonstrated that COS-7 cells and cell lysates phosphorylate ICs at Ser-84 specifically. These findings confirm the mapping of phosphorylation to Ser-84 and suggest limited IC phosphorylation complexity in cells. The specificity of these extracts for Ser-84 suggests 1 mol of phosphate/mol of IC; however, precise measurement of this parameter will re- F) . Expression of the GFP-IC S84D mutant had no effect on dextranlabeled membranes (similar to A). However, expression of the GFP-IC S84A mutant dispersed the late endosomes and lysosomes into the cell periphery (similar to E). In 27.3% of S84A transfectants (G and H), dextran-labeled membranes adopted an extended and tubulated appearance (see white arrows in G). These immotile membranes were displaced to the cell perimeter. The magnification bar indicates 10 mm for all images.
quire purification of the IC kinase. The level of phosphate incorporation using cell lysates suggested that the ICs were in considerable excess over the IC kinase. This is not surprising given the low protein concentration and abundance of any one kinase in a total cell lysate. Ser-84 does not fit any of the consensus sequences that have been established for kinases, and future work will focus on biochemical fractionation of cell lysates that display Ser-84 specificity.
Using the neuron-specific IC-1A isoform, Karki and co-workers (25) identified casein kinase II as one IC kinase (25) . To test CKII as an IC-2C kinase, we performed in vitro phosphorylation reactions and observed phosphorylation at sites other than Ser-84. The functional significance of this CKII phosphorylation remains unclear. However, because none of the serines examined in this study fit the consensus for CKII, we predict functions other than regulating dynactin binding. Although CKII is likely to be expressed in COS-7 cells, the difference in specificity we observed (Fig. 4B) suggests that CKII is not the dominant IC kinase in liver and COS-7 cell dynein.
cAMP-dependent protein kinase (PKA) has also been implicated recently in regulating dynein function. In Xenopus melanophores, pigment granuoles contain both cytoplasmic dynein and kinesin II (41) , and pigment aggregation (dynein-mediated) and dispersion (kinesin II-mediated) reflect regulation of these two motors by phosphorylation (42) . PKA has been implicated as the kinase which phosphorylates cytoplasmic dynein leading to dispersal (42) . Using the Xenopus melanophore system, Reese and Haimo (43) determined that dynein isolated from dispersed extracts and PKA-treated dynein display reduced microtubule binding activity. However, both aggregated and dispersed melanosomes contained the same amount of cytoplasmic dynein and dynactin, suggesting that the membrane binding activity of cytoplasmic dynein is not being altered. This level of cytoplasmic dynein regulation might be unique to melanophores, which exhibit rapid and focused motility, but is consistent with previous studies demonstrating that regulation of cargo binding is distinct from regulation of motor activity (44) .
Disruption of Dynein-mediated Membrane Transport by IC
Expression-If the ICs function as the organelle binding subunit of cytoplasmic dynein, expression of excess ICs should saturate dynein-binding sites and disrupt dynein-mediated transport. To test this possibility, we expressed wild-type, S84A, and S84D mutants and observed very specific defects. Because dynein-dependent membranes are poorly preserved by fixation, we incorporated live cell imaging into our assays and analyzed transfectants soon after transfection. Expression of the wild-type IC-2C construct disrupted the distribution and motility of both Golgi membranes and late endosome-lysosomes. The disruption was less severe than that observed after p50(dynamitin) expression (28) ; however, we recognized that a population of wild-type ICs was phosphorylated in cells (see Fig. 4A ). Because S84A and S84D IC mutants displayed different affinities for p150
Glued in vitro, we compared the effects of mutant expression on dynein-dependent membranes in cells. The mutants elicited more consistent phenotypes for Golgi and late endosome-lysosome transport than the wild-type ICs. Whereas the S84A mutant drove widespread disruption of Golgi membranes and late endosome-lysosomes, the S84D mutant had virtually no effect on the distribution and motility of these membranes. These in vivo studies confirmed the functional relevance of phosphorylation at Ser-84 of IC-2C.
Implications for Models of Cytoplasmic Dynein TargetingAlthough ongoing interest in dynactin as an essential cofactor for cytoplasmic dynein function has implicated the ICs as cargo binding subunits, recent work has drawn attention to the LICs and Tctex-1 LCs as candidates. In particular, the binding of LIC-1 to pericentrin (45) and the binding of Tctex-1 to both rhodopsin (46) and trkA (47) have suggested that multiple mechanisms of binding can be used. The LIC-1-pericentrin interaction may be specific to nonmembranous cargo (48); however, rhodopsin and trkA represent conventional transmembrane proteins. Recent analysis of rhodopsin transport in Xenopus photoreceptors has implicated sequences outside the Tctex-1 binding region in outer segment transport (49), however, suggesting that Tctex-1 binding is independent of inter- actions with outer segment motor proteins. Because rhodopsin and trkA are expressed only in highly specialized cells (photoreceptors and neurons), IC-dynactin interactions could function as a targeting mechanism for ubiquitous cargoes such as Golgi membranes and late endosomes-lysosomes. In these cases, IC phosphorylation is likely to play an important role in regulating dynein-cargo interactions (Fig. 8) .
Another possibility is that multiple interactions are required for functional binding. Dynactin has been shown to increase the processivity of dynein in vitro (50) , which is likely to be important for dynein-mediated transport. The dynein-dynactin interaction could be independent of cargo binding but essential for productive transport. Although mechanistically different, this model would still support IC phosphorylation as an important dynein regulatory process.
Our analysis of IC interactions supports the hypothesis that ICs play an important role in targeting cytoplasmic dynein to cargo and implicates phosphorylation at Ser-84 as an important regulatory mechanism. These findings provide new tools and insights that facilitate further analysis of alternative models of cytoplasmic dynein targeting.
